Posttraumatic stress disorder (PTSD), a pathologic response to severe stress, is a common co-morbid disorder in substance-dependent individuals. Evidence from twin studies suggests that PTSD is moderately heritable. Genetic association studies to date have reported a limited number of replicated findings. We conducted a candidate gene association study in trauma-exposed individuals within the Comorbidity and Trauma Study's sample (1343 heroindependent cases and 406 controls from economically disadvantaged neighborhoods). After data cleaning, the 1430 single nucleotide polymorphisms (SNPs) retained for analyses provided coverage of 72 candidate genes and included additional SNPs for which association was previously reported as well as 30 ancestry-informative markers. We found a functional DRD2 promoter polymorphism (rs12364283) to be most highly associated with PTSD liability [odds ratio (OR) 1.65 (1.27-2.15); P = 1.58 ¥ 10 ]; however, this association was not significant, with a stringent Bonferroni correction for multiple comparisons. The top hits include SNPs from other dopaminergic system genes: DRD2 DRD3, TH and DBH. Additional analyses revealed that the association involving rs12364283 is largely limited to amphetamine-dependent individuals. Substantial risk is observed in amphetamine-dependent individuals, with at least one copy of this SNP ; P = 2.6 ¥ 10 ]. Further analyses do not support extensive mediation of PTSD risk via self-reported impulsivity (BIS total score). These findings suggest roles for impairment in inhibitory control in the pathophysiology of PTSD and raise questions about stimulant use in certain populations (e.g. those in combat).
INTRODUCTION
Posttraumatic stress disorder (PTSD) is a severe and persistent pathologic response to trauma that occurs in some, but not all, exposed individuals. Twin studies (True et al. 1993; Sartor et al. 2011 Sartor et al. , 2012 have consistently found PTSD to be moderately heritable (e.g. h 2 = 0.46) (Sartor et al. 2012) . Genetic factors thus likely play an important role in determining susceptibility among those who have experienced trauma.
Attempts to identify genes contributing to liability for PTSD are complicated by the necessity of trauma exposure for the disorder's symptoms to manifest. Most genetic studies have focused on populations who have experienced specific forms of trauma [e.g. child abuse (Binder et al. 2008) , combat (Lawford et al. 2006; Voisey et al. 2009)] . The gene with the strongest evidence of association with PTSD reported to date is FKBP5. Several reports have found evidence of gene-environment interactions involving FKBP5 single nucleotide polymorphisms (SNPs) and history of childhood abuse (Binder et al. 2008; Xie et al. 2010) . Other investigations have found that lower expression of this gene, either measured before (van Zuiden et al. 2012) or after (Yehuda et al. 2009; Mehta et al. 2011 ) trauma exposure, is associated with greater PTSD risk. The results of association studies of PTSD that examined other genes have been more equivocal [e.g. SLC6A4 (Xie et al. 2009; Goenjian et al. 2012) , DRD2 (Gelernter et al. 1999; Lawford et al. 2006; Voisey et al. 2009; Bailey et al. 2010)] or, in some cases, consistently negative [e.g. NPY (Lappalainen et al. 2002) ].
The current report examines the association of SNPs with PTSD in the Comorbidity and Trauma Study (CATS), a case-control genetic association study of heroin dependence (Maloney et al. 2009; Shand et al. 2010; Nelson et al. 2012) . The study's cases [heroin-dependent individuals ascertained from opioid replacement therapy (ORT) clinics] and controls (ascertained from economically disadvantaged neighborhoods in proximity to the clinics) both report high prevalence of childhood and adult trauma exposure and lifetime PTSD. Association studies of PTSD have not commonly focused on drugdependent samples. Investigations (Driessen et al. 2008; Villagonzalo et al. 2011) in samples of alcohol-and drugdependent individuals have observed very high rates of trauma exposure and PTSD, including one report (Villagonzalo et al. 2011 ) that found 52.7% of methadone maintenance patients screened positive for PTSD. Conversely, in a recent study (Seal et al. 2012) of US veterans of the Iraq and Afghanistan conflicts, those with PTSD were more likely to be prescribed opioids and to display behaviors suggestive of opioid misuse (i.e. prescriptions for multiple opioids; early refill requests). Our investigation initially examined association for 1430 SNPs, observing the strongest association with rs12364283, a functional D2 dopamine receptor gene (DRD2) promoter polymorphism (Zhang et al. 2007 ) that had not been examined previously in this context. Prior studies have observed that the rs12364283 minor (G) allele significantly impacts performance in behavioral tasks pertinent to PTSD (Frank & Hutchison 2009; Hamidovic et al. 2009 ). One report (Hamidovic et al. 2009 ) observed that administration of amphetamines worsened the performance of rs12364283 minor (G) allele carriers on a behavioral inhibition task while improving the performance of non-carriers. We thus conducted additional analyses to examine whether greater risk is observed with the rs12364283 minor (G) allele in amphetamine-dependent individuals.
MATERIALS AND METHODS
The methods for CATS have been described in detail elsewhere (Maloney et al. 2009; Shand et al. 2010; Nelson et al. 2013) . A brief summary is provided below.
Sample
Cases were recruited from ORT clinics in the greater Sydney region and required to be age 18 or older, understand English and have participated in ORT for opioid dependence. Those who reported recent suicidal intent or current psychosis were excluded. Individuals recruited from geographic areas in proximity to ORT clinics, termed 'neighborhood controls', were excluded for having used opioids recreationally more than five times over their lifetime (data are included from 23 controls who denied this level of opioid use at screening, but reported greater use with no dependence symptoms at interview). All other inclusion and exclusion criteria were identical to cases. 
Assessment
All interviews were conducted in person by experienced trained interviewers. Diagnostic sections on illicit drug and alcohol dependence, and major depressive disorder were modified from the Semi-Structured Assessment for the Genetics of Alcoholism-Australia (SSAGA-OZ; Bucholz et al. 1994; Hesselbrock et al. 1999) . The assessment of lifetime DSM-IV PTSD was modified from the National Comorbidity Survey (NCS) (Kessler et al. 1995) interview, which itself was derived from the Revised Diagnostic Interview Schedule (Breslau et al. 1991) . The NCS assessment, for which excellent psychometric properties have been reported (Kessler et al. 1995) , first asks respondents whether they had ever experienced a series of traumatic events. Respondents are then asked which event was most disturbing and the assessment of lifetime PTSD focuses on the identified event. Additional nondiagnostic sections of the interview included SSAGA-OZ demographics and suicidal thoughts and behavior sections and a screening instrument for borderline personality, adopted from the International Personality Disorder Examination (IPDE) (Loranger et al. 1994) . The Barratt Impulsiveness Scale (BIS), a 30-item self-report PTSD and DRD2 promoter SNP 701 questionnaire (Patton, Stanford & Barratt 1995; Maloney et al. 2009) , was added to the assessment protocol after data collection had begun and is thus only available on a subset of participants (n = 1315).
Marker selection
The pairwise option of Tagger (de Bakker et al. 2005) (implemented in Haploview: Barrett et al. 2005 ) with a threshold of r 2 > 0.8 for most genes was used to select a custom set of 1536 SNPs. The set, selected on the basis of relevance for heroin dependence, provided coverage of 72 candidate genes (see Supporting Information Table S1 ), 47 additional SNPs for which association was previously reported, and 30 ancestry-informative markers (AIMs). The set of 30 AIMs, distributed physically across the genome, was selected from SNPs for which the greatest allele frequency differences were found between populations with European and East Asian ancestry in Hapmap2 data for use in principal components analyses (AIMs are indicated as such in Supporting Information Table S2 ).
Genotyping
Genotyping was performed on an Illumina BeadStation using GoldenGate technology (Peters et al. 2008) . DNA samples from CEPH trio 1334 obtained from the Coriell Cell Repository served as internal quality controls for clustering and reproducibility. Primary genotypic data analyses with Illumina BeadStudio software were followed by visual inspection and assessment of data quality and clustering.
Statistical analyses

Data cleaning
Details of data cleaning have been reported previously (Nelson et al. 2013) . In brief, SNPs were excluded due to genotyping failure (23), call rate less than 95% (9), minor allele frequency less than 2% (47) and Hardy-Weinberg deviations (27). The mean call rate for SNPs remaining after data cleaning was 99.9%. All 1430 SNPs (shown in Supporting Information Table S2 ) that remained after data cleaning were examined for association with PTSD. Data from samples were excluded due to phenotypicgenotypic gender mismatch, duplication due to participation in the project multiple times and cryptic relatedness with identity by descent greater than 0.5.
Admixture
Principal components analysis (PCA) was conducted using the smartpca program in the Eigensoft 3.0 package (Patterson, Price & Reich 2006) 
Data analyses
All analyses were limited to trauma-exposed individuals (n = 1749). was used for these association analyses; this value was obtained by applying a strict Bonferroni correction for multiple testing which assumes all SNPs are statistically independent measures. Dummy variables were coded to represent jointly lifetime amphetamine dependence (missing in one individual who was dropped from these analyses) and the presence of at least one rs12364283 G allele as follows: both amphetamine dependence and the rs12364283 G allele present; amphetamine dependence alone; and the rs12364283 G allele alone (those with neither amphetamine dependence nor a copy of the rs12364283 G allele served as the comparison group). Post hoc analyses that included sex and heroin dependence case status as independent (control) variables were performed in SAS 9.2 to examine risk for PTSD (dependent variable) associated with these dummy variables. These analyses were repeated with inclusion of BIS total score as a covariate to determine whether self-reported impulsivity mediated these relationships in the subsample (n = 1315) who had this measure available. . Lifetime substance dependence and depression diagnoses were generally more common in both cases and controls with PTSD than those without the disorder (Table 1) . Cases and controls with PTSD had higher total BIS scores than their counterparts without PTSD. The SNP most strongly associated (Table 2) with PTSD is rs12364283 [OR 1.65 (1.27-2.15); unadjusted P = 1.58 ¥ 10
RESULTS
As
], a functional DRD2 promoter polymorphism. Consistent with an additive model (see Supporting  Information Table S3 ), the prevalence of PTSD increases with the number of G allele copies: 35.6% (0 copies), 45.6% (1 copy) and 70.0% (2 copies). However, the relatively low minor allele frequency (7.7%) precludes definitive determination of mode of inheritance. The association observed for rs12805897 is likely due to its high LD with rs12364283 (r 2 = 0.96). The only other SNP with an association within an order of magnitude of the strongest observed signal is rs10840491 located in the tyrosine hydroxylase (TH) gene. Although the associations of these additional SNPs are of considerably lower magnitude, it is interesting to note that included among them are polymorphisms from genes encoding dopamine (DA) receptors (DRD2, DRD3), an enzyme (TH) involved in DA synthesis and an enzyme (DBH) that converts DA to norepinephrine.
Because a prior report (Hamidovic et al. 2009 ) found amphetamines had differing effects on performance based ] than those who were either amphetamine dependent without a copy of the rs12364283 G allele or those with a copy of the rs12364283 G allele, but not amphetamine dependent (see Fig. 1 ). Thus, in our sample, PTSD risk associated with rs12364283 occurs primarily among amphetamine-dependent individuals. When these analyses were repeated in those individuals (n = 1315) for whom BIS total score was available for inclusion as a covariate to control for self-reported impulsivity, results remained significant, with risk only mildly reduced [OR 2.43 (1.56-3.81); P < 0.0001].
DISCUSSION
We observed a functional DRD2 promoter polymorphism (rs12364283) (Zhang et al. 2007 ) to be the SNP most highly associated with PTSD in our sample. However, the P-value for this association was not significant when a stringent Bonferroni correction for multiple comparisons was applied. Further analyses revealed that this association is largely limited to amphetaminedependent individuals. We found that controlling for self-reported impulsivity resulted in only a mild reduction in estimated risk.
Prior genetic association studies (Gelernter et al. 1999; Lawford et al. 2006; Voisey et al. 2009; Bailey et al. 2010) of PTSD have included DRD2 SNPs, but failed to examine risk associated with either rs12364283 or SNPs with which it is in high LD. These investigations (Gelernter et al. 1999; Lawford et al. 2006; Voisey et al. 2009; Bailey et al. 2010) include both positive and negative reports; however, evidence of association based on this literature is not compelling. It is important to note that prior studies also differed from the current report in that none had a sample with a high prevalence of amphetamine-dependent individuals.
Prior studies offer strong evidence that rs12364283 is a functional polymorphism. Those with a copy of the minor (G) allele have significantly greater DRD2 expression (Zhang et al. 2007) . Minor allele carriers have been reported to differ significantly in their performance on behavioral tasks pertinent to PTSD (Frank & Hutchison 2009; Hamidovic et al. 2009 ). On a probabilistic selection reinforcement learning task, rs12364283 G allele heterozygotes demonstrated an intact ability to select a stimulus that was previously highly reinforced (Frank & Hutchison 2009 ); however, they were significantly less likely to refrain from choosing a stimulus that was previously less reinforced. Some trauma exposure (e.g. natural disaster) is unavoidable; deficits in avoidance learning would likely increase risk for other forms (i.e. involving components of repeated risk-taking). Another report (Hamidovic et al. 2009 ) noted that young adults heterozygous for the rs12364283 G allele had lower levels of self-reported impulsivity and significantly faster stop 
Figure 1
Greater risk for posttraumatic stress disorder, controlling for sex and case status, is observed for individuals with amphetamine dependence and a copy of the rs12364283 G allele (n = 124) than those with either AD alone (n = 639) or a copy of the rs12364283 G allele alone (n = 133). The odds ratios shown are for comparison to those with neither amphetamine dependence nor a copy of the rs12364283 G allele (n = 852)
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Elliot C. Nelson et al. signal reaction times on a behavioral inhibition task. Administration of d-amphetamine improved stop signal reaction times at all doses in non-carriers of the rs12364283 G allele. In contrast, the stop signal reaction times of G allele heterozygotes worsened at all doses (significantly so at the 10 mg dose). Deficits in inhibitory control have been observed using response inhibition tasks in PTSD patients (Falconer et al. 2008; Wu et al. 2010) and in methamphetaminedependent individuals (Monterosso et al. 2005; Tabibnia et al. 2011) . Reductions in striatal D2/D3 receptor availability have been reported in the methamphetaminedependent individuals (Volkow et al. 2001; Lee et al. 2009 ) including one report that observed a significant correlation with self-reported impulsivity (Lee et al. 2009 ). Animal studies (Nader et al. 2006; Dalley et al. 2007) have found that baseline D2-like receptor availability is predictive of impulsive behavior and cocaine selfadministration. A recent report (Ghahremani et al. 2012) that examined behavioral inhibition in healthy controls found that stop signal reaction time was significantly correlated (negatively) with D2/D3 availability in the caudate and putamen (i.e. those with greater receptor availability demonstrated better response inhibition). Using fMRI, they also found inhibition-related activation in frontostriatal circuits to be highly correlated (positively) with D2/D3 receptor availability. Reductions in inhibition-related frontal activation have been reported in those with PTSD (Falconer et al. 2008) . Consistent with these reports, Hamidovic et al.'s (2009) findings suggest that the rs12364283 G allele, while associated with better response inhibition and lower impulsivity at baseline, increases carriers' sensitivity to amphetamine's effects on inhibitory control and perhaps PTSD liability. The findings in amphetamine-dependent individuals in our sample, which do not appear to be primarily mediated via impulsivity, may thus be viewed as the results of a naturalistic experiment that could provide insight into the pathophysiology of PTSD.
A number of limitations must be considered when interpreting our findings. First, enthusiasm must be tempered until our results are replicated in an independent sample; doing so is particularly important given that the significance of the association with PTSD in the sample as a whole failed to meet the conservative Bonferroni correction for multiple testing. Our decision to apply this threshold rather other less conservative options may be viewed as overly stringent given that a number of the SNPs are in LD and thus are not entirely independent measures. Similarly, it is possible that by opting to include case status (i.e. heroin dependence) as a covariate in the genetic analyses, we may have underestimated the association for SNPs contributing to the shared genetic variance with PTSD. In addition, post hoc analyses confirmed the lack of a significant association of rs12364283 with either heroin or amphetamine dependence. Separate analyses of case and control data found significant effects in both groups, demonstrating that our findings were not limited to heroin-dependent cases. BIS data were not available on all participants and this could have introduced some bias into analyses examining mediation. An examination of risk for missing BIS data using logistic regression found a significant effect for case status (66.1% of those missing BIS data versus 80.3% with data; OR 0.48; 95%CI 0.38-0.61), but not for PTSD. Including case status as a covariate in an examination of missing BIS data, no significant effects were found for the various Ϯamphetamine dependence, Ϯrs12364283 G allele status combinations. Thus, these missing data likely resulted only in reduced power, which likely contributed to the comparison of risk associated with the amphetamine dependence +, any rs12364283 G allele + versus amphetamine dependence -, any rs12364283 G allele + falling just below statistical significance. Another potential limitation, population admixture, was addressed by observing that the inclusion of two principal components as covariates in analyses did not change our findings. Regardless, generalizability of our findings to samples from other regions and of differing ethnicity will need to be demonstrated.
Our findings may have important, immediate relevance. The wide-ranging prescription of stimulant medications includes their use to maintain alertness in military personnel (Gore, Webb & Hermes 2010) , a practice reportedly more frequently employed by the US military in recent conflicts (Friedman 2012) . In fact, a recent New York Times column (Friedman 2012) raised the question of whether the surge in PTSD prevalence could be attributed to the increase in stimulant use. Given the decreased performance reported (Hamidovic et al. 2009 ) with administration of amphetamines in rs12364283 G allele carriers, and our current findings of increased PTSD risk, additional research will be necessary to determine whether this practice, and perhaps all stimulant prescriptions, are best avoided in individuals with this polymorphism. coordination, and Sara Smith and Leanne Wallace for their efforts in sample genotyping.
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